Abstract The elastic and structural behaviour of the synthetic zeolite CsAlSi 5 O 12 (a = 16.753(4), b = 13.797(3) and c = 5.0235(17) Å , space group Ama2, Z = 2) were investigated up to 8.5 GPa by in situ single-crystal X-ray diffraction with a diamond anvil cell under hydrostatic conditions. No phase-transition occurs within the P-range (5) and 0.0001 GPa (after decompression). The main deformation mechanisms at high-pressure are basically driven by tetrahedral tilting, the tetrahedra behaving as rigid-units. A change in the compressional mechanisms was observed at P B 2 GPa. The P-induced structural rearrangement up to 8.5 GPa is completely reversible. The high thermo-elastic stability of CsAlSi 5 O 12, the immobility of Cs at HT/HP-conditions, the preservation of crystallinity at least up to 8.5 GPa and 1,000°C in elastic regime and the extremely low leaching rate of Cs from CsAlSi 5 O 12 allow to consider this openframework silicate as functional material potentially usable for fixation and deposition of Cs radioisotopes.
and nanpingite (Ni and Hughes 1996) . Synthetic Cs-aluminosilicates have been prepared in the last decades in search for suitable crystalline phases potentially usable for fixation and deposition of radioactive isotopes of Cs, or as potential solid hosts for 137 Cs c-radiation source to be used in sterilization applications (Vance and Seff 1975; Firor and Seff 1977; Gallagher et al. 1977; Klaska 1977; Araki 1980; Adl and Vance 1982; Komarneni and Roy 1983; Vance et al. 1984; Taylor et al. 1989; Mellini et al. 1996; Drábek et al. 1998; Comodi et al. 1999; Klika et al. 2006; Bubnova et al. 2007 ). Among those, the synthesis conditions and the crystal structure of CsAlSi 5 O 12 , later described as CAS tetrahedral framework (Baerlocher et al. 2001) , were reported by Araki (1980) . Araki (1980) noticed a strong similarity in the construction scheme between the CAS framework and the structure of the natural zeolite bikitaite Li 2 Al 2 Si 4 O 12 Á2H 2 O (BIK topology, Baerlocher et al. 2001) . Both structures have the secondary building unit (SBU) 5-1 (Baerlocher et al. 2001) but are distinct in the way these units are assembled to composite building units. BIK framework is only built by the ''bik'' composite building unit (CBU) whereas in CAS ''bik '' and ''cas'' CBUs are combined (Figs. 1, 2, 3) . As noted by Araki (1980) , there are also differences in the detailed shape of the eight-membered rings (8mR) in the two structures. In particular, how oxygen atoms wallpaper the inner surface of the one-dimensional channels. Annehed and Fälth (1984) synthesized Cs 0.70 [Al 0.70 Si 5.30 O 12 ] at 325°C under hydrothermal conditions and confirmed the BIK framework for this compound with Cs disordered over positions occupied by H 2 O in bikitaite sensu strictu. There is the NSI framework type (Zanardi et al. 2004 ) with SBU 5-1 for which the ''cas'' and ''bik'' composite building units have also been identified (Baerlocher et al. 2001 ).
Si/Al-order in CsAlSi 5 O 12 CAS has been studied with neutron powder diffraction and 29 Si MAS NMR by Hughes and Weller (2002) , who reported that all Al is ordered at one tetrahedral site that is occupied by 50% Al and 50% Si. However, Fisch et al. (2008) disputed this interpretation and provide structural evidence (bond lengths and difference displacement parameters) for a random Si/Aldistribution over all tetrahedra. In addition, Fisch et al. (2008) demonstrated that CsAlSi 5 O 12 CAS crystallizes at high temperature in space group Amam (Cmcm in standard setting), which is the highest topological symmetry of CAS, and transforms below 500°C by a displacive mechanism to space group Ama2. Consequently, at room temperature all the Ama2 crystals are twinned in a 1:1 ratio by the inversion operation.
For bikitaite, two modifications are described: monoclinic bikitaite with Si/Al-disordered in the tetrahedra forming puckered six-membered ring sheets (e.g. Kocman et al. 1974 ) and triclinic bikitaite with ordered Si/Al-distribution in the corresponding tetrahedra (e.g. Bissert and Liebau 1986) . For the same axial orientation for BIK and CAS, the maximum BIK topological symmetry becomes Ccmm, indicating that in CAS (Amam) and BIK facecentering occurs in different directions.
The elastic and P-induced main deformation mechanisms in natural triclinic bikitaite (a * 8.607 Å , b * 4.956 Å , c * 7.608 Å , a * 89.92°, b * 114.38°and c * 89.83°, space group P1) were investigated by Comodi et al. (2003) and Gatta et al. (2003) by in situ X-ray single-crystal diffraction up to 4 GPa, and by Ferro et al. (2002) on the basis of synchrotron powder diffraction up to 10 GPa and ab initio molecular dynamics simulations. Using non-penetrating P-media, bikitaite does not experience any P-induced phase-transition at least up to 10 GPa. A strong anisotropic compression was observed in natural bikitaite, being b a :b b :b c = 1:2.75:3.90 . The isothermal bulk modulus of bikitaite, calculated with a second-order Birch-Murnaghan equation-of-state, is (Fois et al. 1999; Comodi et al. 2003) Phys Chem Minerals K T0 = 44.2(4) GPa Gatta et al. 2003) . Due to the low quality of the diffraction data at high-pressure, only one structural refinement of bikitaite at 3.2 GPa was performed using single-crystal diffraction data . Bikitaite has an unusual structural feature: the presence of a one-dimensional H 2 O chain running along the [010] 8-membered ring channel (Fois et al. 1999) . Based on ab initio molecular dynamics simulations, Ferro et al. (2002) showed that compression brings framework oxygen atoms close enough to water hydrogen atoms to allow the formation of host-guest hydrogen bonds, whilst still preserving the one-dimensional chains. However, the general configuration of the Si/Al-framework is maintained at least up to 10 GPa.
The aim of the present study was to investigate the elastic behaviour and P-induced structural evolution of CsAlSi 5 O 12 by means of in situ single-crystal X-ray diffraction with a diamond anvil cell. A comparison with the thermal behaviour of this synthetic zeolite (Fisch et al. 2008 ) and the elastic behaviour of the natural bikitaite (Ferro et al. 2002; Comodi et al. 2003; Gatta et al. 2003 ) is also discussed.
Experimental methods
A crystalline sample of CsAlSi 5 O 12 was synthesized by slow cooling of the starting oxides in a BaO-V 2 O 5 flux from 1,420 to 750°C. Some single-crystals were separated from the flux by rinsing with hot NaOH solution. Their composition was determined using a Jeol JX-8200 electron microprobe. (Ito 1976; Araki 1980) .
One platy crystal of CsAlSi 5 O 12 (210 9 140 9 60 lm 3 ), free of defects on the optical scale, was selected for X-ray diffraction experiments. Diffraction data were first collected at room conditions with an Oxford Diffraction-Xcalibur-1 diffractometer equipped with CCD, using a graphite monochromator for MoKa-radiation, operated at 50 kV and 40 mA. In order to maximize the reciprocal space coverage, a combination of x and u scans was used, with a step size of 0.4°and a time of 30 s/frame (Table 1 ). The distance between the crystal and the detector was 80 mm. 12071 Bragg reflections were collected in the range 2 \ 2h \ 65°, of which 1562 were unique with F o [ 4r(F o ) (Table 1) , giving a metrically orthorhombic lattice with a = 16.753(4), b = 13.797(3), and c = 5.0235(17) Å . After Lorentz-polarization (Lp) and analytical absorption corrections using the CrysAlis package (Oxford Diffraction 2005) , by Gaussian integration based upon the shape and dimensions of the crystal, the discrepancy factor among symmetry-related reflections (Laue class mmm) was R int = 0.058 (Table 1) . The reflection absences were consistent with space group Amam and Ama2. The structural refinement was performed with anisotropic displacement parameters using the SHELX-97 software (Sheldrick 1997) , starting from the atomic coordinates of Araki (1980) transformed to the space group Ama2. The refined Flack parameter was x = 0.50(3), Fig. 3 Unit cell of CsAlSi 5 O 12 projected along c-axis (left) and b-axis (right) at P 0 , P 1 and P 7 (top to bottom). Atoms are labelled according to the structural refinements (Table 1) . For easier illustration, Cs is not shown in the projections along the b-axis. A drastic structural change occurs between P 0 to P 1 : O5 is shifted along the c-axis due to rigid-body tetrahedral rotation Phys Chem Minerals (5) 4.9488 (6) 4.9397 (7) 4.9268 (8) 4.878 (1) 4.820 (1) 4.737 (1) 4.7154 (7) 5.0144 ( (4) (5) 0.077(6) 3.25(4) 0.1008 (13) Araki (1980) , the Cs-site was found to be partially occupied [80.9(3)%]. No peak larger than ± 0.98 e -/Å 3 was present in the final difference-Fourier synthesis at the end of the refinement. Details of the ambient structural refinement are reported in Tables 1, 2, 3 and 4. An ETH-type diamond anvil cell (DAC, Miletich et al. 2000) was used for the high-pressure experiments. Steel T301 foil, 250 lm thick, was used as gasket. The gasket foil was pre-indented to a thickness of about 120 lm before drilling a hole (Ø 350 lm) by spark-erosion. The same crystal of CsAlSi 5 O 12 as that studied at ambient conditions was placed into the gasket hole together with a singlecrystal of quartz used for pressure measurement . A methanol:ethanol (4:1) mixture was used as hydrostatic pressure-transmitting medium ). Accurate lattice parameters were determined at pressures ranging between 0.0001 and 8.45(5) GPa (Table 1 ) with a KUMA-KM4 diffractometer, equipped with a point-detector and monochromatised MoKa-radiation, using 28 Bragg reflections. Data collections at 0.0001 GPa (crystal in DAC without any pressure medium, P 0 ), 1.58(3) (P 1 ), 1.75(4) (P 2 ), 1.94(6) (P 3 ), 3.25(4) (P 4 ), 4.69(5) (P 5 ), 7.36(6) (P 6 ), and 8.45(5) GPa (P 7 ) (Table 1) were performed using an Xcalibur-1 diffractometer (Oxford Diffraction) equipped with a CCD, adopting the same experimental set-up and the same data collection strategy as that used with the crystal in air (Table 1) . No violation of the reflection conditions of Ama2 symmetry were observed at any pressure. Integrated intensity data were corrected for Lp and absorption effects due to the crystal and the DAC using the ABSORB 5.2 computer program (Burnham 1966; Angel 2002 ). The structure refinements were conducted with the occupancy of the Cs-site fixed to the value refined with the crystal in air [80.9(3)%]. Soft geometrical restraints were used to restrain tetrahedral T-O and O-O distances to those obtained at room-pressure (air): T-O distances were restrained to a target value of 1.60 Å with an estimated standard deviation of ±0.015 Å and the tetrahedral O-O distances to 2.60 ± 0.04 Å . The stability of the HP-refinements is improved by the soft restrains adopted, which act as if they were some additional experimental observations , Sheldrick 1997 . In order to reduce the number of the refined variables, the isotropic Table 3 Inter-tetrahedral bond angles (°) at different pressures The HP-structure refinements were conducted with the occupancy of the Cs-site fixed to the value refined with the crystal in air (i.e. 80.9(3)%) Note: Anisotropic refinements have been performed only with the crystal in air. Ueq are given for the anisotropic refinements, Uiso for the isotropic refinements a With the crystal in the DAC without P-medium b With the crystal in air after decompression Phys Chem Minerals displacement parameters were refined by grouping all of the T-sites and all of the O-sites (Table 2) . Refined atomic positions, displacement parameters and bond distances are reported in Tables 2 and 4 . The structural refinement based on the data collected with the crystal in air after decompression showed that the P-induced structural evolution up to 8.45(5) GPa is completely reversible (Tables 1, 2 , 3, 4); the refined Flack parameter was x = 0.60(5).
Elastic behaviour
The evolution of the lattice parameters of CsAlSi 5 O 12 with pressure is shown in Fig. 4 . No phase transition has been observed within the pressure range investigated. In order to describe the elastic behaviour of this synthetic zeolite, the unit-cell volume data were fitted with a third-order BirchMurnaghan equation-of-state (III-BM-EoS) (Birch 1947; Angel 2000) using the EOS-FIT5.2 program (Angel 2001) . The BM-EoS parameters, refined using the data weighted by the uncertainties in P and V, are: V 0 = 1,155(4) Å 3 , K T0 = 20(1) GPa and K 0 = 6.5(7) (i.e. K T0 = -V 0 (qP/ qV) P=0 = 1/b, where b is the volume compressibility coefficient, and K 0 the pressure derivatives of the bulk modulus, K 0 = qK T0 /qP). ''Axial moduli'' were calculated with a thirdorder linearized BM-EoS (Angel 2000) , substituting the cube of the individual lattice parameter (a 3 , b The diffraction data collected during decompression showed a complete reversibility of the elastic behaviour and the restoration of the lattice constants (Table 1) .
Structural change with increasing pressure
For easy of understanding, the description of the process has been divided into two main stages (Fig. 3) : from P 0 to P 1 (1.58(3) GPa) and from P 1 to P 7 (8.45(5) GPa). In both stages, tetrahedra behave as rigid units, as no significant changes in T-O distances occur (Table 4) . T positions only show small shifts and so the structural change can be mainly assigned to adjustments of O atom positions (Table 2) due to rigid body rotations of tetrahedra. Within the investigated pressure range, the CAS framework structure (Baerlocher et al. 2001 ) is retained.
Structural changes up to 1.58(3) GPa
Major structural changes occur within the first compression stage (P 0 to P 1 ) at which certain (Al,Si)O 4 tetrahedra (5) a With the crystal in the DAC without P-medium b With the crystal in air after decompression Phys Chem Minerals undergo extensive rotation. For T1, the rotation axis is defined through the tetrahedron's center (T1) and the apex O2. For T2, the rotation axis bisects the O4-O4 and the O1-O2 edge, respectively. T3-O1 bond (Fig. 5) is the rotation axis of the T3 tetrahedron. Structural changes in this lowerpressure regime are dominated by rigid rotations of T1 and T3 tetrahedra, both rotating by about 30°around their respective axes. The rotation angle at different pressure has been estimated from tetrahedral projections parallel to the individual rotation axis. A relatively small rotation of the T2 tetrahedron (about 10°) results in a slight adjustment of O1 and O2 positions, and as a result, the rotation axes of T1 and T3 become slightly inclined. However, this effect is subordinate to the effects of the rotations of the T1 and T3 tetrahedra. As a consequence, a pronounced compression is observed for T1-O6B-T3 from 159(1)°to 135(1)°inducing a rapid flip of the T1-O5-T1-angle from 210(1)°(= 360°-150°) to 140(2)°. This means that the obtuse and acute orientations of the T1-O5-T1 angle interchange. Coupled with the angle flip is a shift of O5 by almost 1 Å along the c-axis (Figs. 3, 5 ). In addition, counter clockwise rotation of adjacent T3 tetrahedra (linked by O3) leads to a flip of the orientation of the acute T3-O3-T3 angle (Fig. 3) . Associated with these strong tetrahedral rotations at stage one, the CAS framework structure shows the steepest compressional gradient along all three axes within the examined pressure range. However, the compression is anisotropic and the a-axis shortens by *3.17%, the b-axis by *1.81% and the c-axis by *1.23% (Table 1) .
Structural changes between 1.58(3) GPa and 8.45(5) GPa
In general, any structural change within this second compression stage is less pronounced than the atomic shifts imposed by increasing the pressure from ambient conditions to 1.58(3) GPa. In the second compression stage (from P 1 to P 7 ), rotations of T1 and T2 tetrahedra are very small (both approximately 6°) and T3 tetrahedron no longer rotates. In addition, all rotation axes (also the former rotation axis of T3) become further inclined (Fig. 6 ). This change in inclination is caused by a combination of T2 rotation, adjusting O1 and O2, and rotation of T1. Consequently, all tetrahedra perform slight movements comparable to the one of a swinging bell, which means that a rigid tetrahedron does not rotate about its center of gravity but it tilts around one tetrahedral apex. This mechanism compresses the T1-T2-T3-chain along the b-axis (Fig. 7) . Bending of the T1-O2-T2-angle is still more pronounced than of T2-O1-T3 (Table 3 ; Fig. 8 ), leading to a kink of the T1-T2-T3 segment at O2, resulting in a more triangular cross-section of the Cs-occupied channel along [001] at higher pressure (Fig. 3) . Only in this pressure range does the elliptical channel deform, with Cs-O distances decreasing ( Fig. 9 ; Table 5 ).
The a-axis further compresses, but at a reduced rate compared with the initial deformation stage. This behaviour is consistent with only small changes of the T3-O3-T3-and T1-O5-T1-angle from P 1 to P 7 (Table 3) . Along [001], the T2-T2-T2 chains respond to compression by bending at O4 due to continued rotation and the swingingbell movement, but angular changes for T2-O4-T2 are small (Table 3 ; Fig. 7 ).
Structural evolution and anisotropy of compression
Continuous chains of… -T3-T1-T1-T3-T3-T1-T1-T3-… tetrahedra extend along [100] (Fig. 3) . With the constraint of rigid body behaviour for tetrahedra, compression of the a-axis can only be due to tetrahedral rotations resulting in increased kinking of T-O-T-angles (Table 3 ; Fig. 8 ) and accompanying folding of the whole chain (Fig. 3) .
If a chain of rigid tetrahedra is compressed in one direction, it must extend along another direction. Compression along the b-axis is compensated by shortening and bending the segment T1-T2-T3. It seems that rotation of T2 (Fig. 3, 5) , with a rotation axis slightly inclined to the a-axis (passing through the tetrahedral edges O1-O2 and opposite O4-O4), is the main motor for compression parallel to [010] . This T2 rotation influences T1-O2-T2-and T2-O1-T3-angles (Fig. 8) and causes minor displacement of the T1 rotation axis influencing T1-O5-T1-, T3-O6A-T1-and T3-O6B-T1-angles (Fig. 8) .
The lowest compression is measured along [001], the channel direction, where structure of CsAlSi 5 O 12 contains two types of continuous chains of tetrahedra. One consists of… -T3-O6A-T1-O6B-T3-… and the other is a so-called pyroxene-type chain… -T2-O4-T2-O4-T2-… (Gottardi and Galli 1985) . Compression of this chain along the c-axis (Fig. 7) , expressed by bending the angle T2-O4-T2 (Table 3 , Fig. 8 ), is low due to the limited T2-rotation. The contribution of the other chain… -T3-T1-T3-… to the stability of CsAlSi 5 O 12 along [001] is likely to be much smaller than that of the pyroxene-type chains, as rotation axes of T1 and T3 are favourably aligned to accommodate pressure along [001] (Fig. 5) , and this chain is already influenced by deformation of the a and b axes. T1 and T3 tetrahedra are corner-linked by oxygens O6A and O6B. Pressure induced structural deformation from P 0 : 0.0001 GPa (light grey) to P 1 : 1.58(3) GPa (dark grey). Rotation axes are drawn as black lines (dotted inside tetrahedra) with arrows indicating rotating direction. Rotations around axes are estimated as 30°for T1 and T3 and 10°for T2. Rotation of T1 and T3 are responsible for the significant shift of O5, mainly along the c-axis (from O5 P0 to O5 P1 ) Fig. 6 Pressure induced structural deformation from P 1 : 1.58(3) GPa (light grey) to P 7 : 8.45(5) GPa (dark grey). Rotation axes are black lines (dotted inside tetrahedra) with arrows indicating rotating direction. Rotation of T1 and T2 around the axes are roughly 6°, T3 does not rotate. From P 1 to P 7 , the rotation axes of all tetrahedra are also displaced (along dotted arrows). As a result, rigid-body tetrahedra perform movements comparable to a swinging bell Phys Chem Minerals At P 0 , the T1-O6B-T3-angle is 159(1)°whereas the T1-O6A-T3-angle is 138.9(9)°. At P 1 , both angles become similar (135(1)°and 136(1)°, respectively) (Fig. 8, Table 3 ). These changes mean that with increasing pressure, the fragment T3-O6B-T1 bends, and adopts a similar deformation as T3-O6A-T1 (Fig. 7) . Figure 7 also demonstrates that due to the link T3-T1-T3, identical rotation directions of T3 tetrahedra (enclosing T1) around an axis nearly parallel to the b-axis are responsible for a counterclockwise rotation of T1 around an axis of approximately corresponding orientation. When projected onto (100), equivalent T1-T3-T1-chains at different x-levels are now overlapped in a space-saving manner (Fig. 7) .
Discussion and conclusions
CsAlSi 5 O 12 remains crystalline at least up to 8.5 GPa and P-induced structural changes appear to be completely reversible (Tables 1, 2, 3, 4) .
The analysis of the elastic behaviour described here shows that CsAlSi 5 O 12 is considerably more compressible . These two open-framework silicates show strong structural homologies since their tetrahedral frameworks are made up of the same building blocks (Fig. 1) . The general configuration of the channels is similar: 8mR-channels//[010] in bikitaite , Fig. 2 ) and // [001] in CsAlSi 5 O 12 (Fig. 3) and the ''framework density'' (FD, Baerlocher et al. 2001 ) is FD = 20.3 tetrahedra/1,000 Å in bikitaite and FD = 20.6 tetrahedra/1000 Å 3 in CsAlSi 5 O 12 . The different elastic anisotropy and volume compressibility of bikitaite and CsAlSi 5 O 12 (Fig. 4 ) might be due to the different configuration of the tetrahedral framework or, more likely, to the different content of their channels. In bikitaite, the extra-framework content is represented by 2Li + 2H 2 O molecules (Fig. 2) ; in CsAlSi 5 O 12 by only one Cs-site (Fig. 3) . In other words, the channels in bikitaite are more stuffed than in CsAlSi 5 O 12 , resulting in a lower compressibility of the channels and, as a consequence, of the entire structure of the former.
The main structural changes in CsAlSi 5 O 12 occur at P \ 2 GPa and involve major rigid rotations of tetrahedra.
At P [ 2 GPa, some contributions to the compressional mechanisms acting at low-P appear to reach a limit, as shown by the behaviour of T2-O1-T3 and T3-O3-T3 angles with P ( Fig. 8; Table 3 ). However, the structural rearrangements within the entire P-range investigated appear to be driven by continuous mechanisms, with no transitional behaviour, as confirmed by the continuous and monotonic evolution of the lattice parameters with P and conservation of Ama2 symmetry. Changes in compressional mechanisms in absence of phase-transitions have been reported for several open-framework silicates Tribaudino et al. 1999; Benusa et al. 2005; Gatta et al. 2005 Gatta and Wells 2006; Gatta and Angel 2007) .
The origins of the elastic anisotropy in CsAlSi 5 O 12 have been described in the previous section in detail: the two independent chains running along [001] (i.e.… -T3-O6A-T1-O6B-T3-…and… -T2-O4-T2-O4-T2-…) and their limited ability to contract by kinking make the structure less compressible along the c-axis than along the a-and b-axes. Viewing the structure of CsAlSi 5 O 12 down [001] and [010] (Fig. 3) it is apparent that the compressibility along the c-axis is hindered by the framework configuration, whereas along the a-and b-axis the presence of potentially compressible channels allow a higher compressibility.
The slightly higher compressibility of the structure along the a-axis than along the b-axis might be due to the bonding environment of the extra-framework cation and to the compression of the 8mR-channel, which is governed by the inter-tetrahedral T1-O5-T1 angle. At room conditions, the Cs-site lies off-center in the 8mR-channel with a coordination number CN = 13, Cs-O max * 3.609 and Cs-O min * 3.940 Å (with Cs-Si min * 4.02 Å ) (Fig. 3) . The oxygens belonging to the opposite part of the channel wall with respect to the Cs atom are not bonded to it. Compression of the tetrahedral framework leads to a continuous change in the bonding environment. At 1.58 GPa, the CN = 15 (Cs-O max * 3.860 and Cs-O min * 3.426 Å , with Cs-Si min * 3.86 Å ), at 4.69 GPa it decreases to CN = 14 (Cs-O max * 3.689 and Cs-O min * 3.186 Å , with Cs-Si min * 3.71 Å ) and at 8.45 GPa the CN = 12 (Cs-O max * 3.426 and Cs-O min * 3.061 Å , with CsSi min * 3.59 Å ) (Fig. 9) . In other words, there is an increase of Cs-O bond strengths with P to oxygens lying on the same side as Cs in the 8mR-channel, whereas there is a loss of bonding to the oxygens lying on the opposite side. Hence, there are two counterbalanced effects in response to the pressure: (1) along [100] the channel tends to be compressed symmetrically (because of symmetry), with a shortening of the Cs-O bond lengths and a strong T1-O5-T1 inter-tetrahedral tilting (Table 3) , and (2) along [010] the channel is compressed asymmetrically, because of the off-center location and the bonding environment of Phys Chem Minerals the Cs-site. As a consequence, the channel changes its shape toward a triangular cross-section (Fig. 3) , with the most acute internal angle corresponding to the channel side with no Cs-O interactions, and the compressibility along [100] is slightly higher than along [010] . At high-temperature, the structure of CsAlSi 5 O 12 behaves anisotropically, with a(c) ) a(a) [ a(b) between 25 and 180°C, whereas a(c) ) a(b) [ a(a) between 180 and 500°C. This confirms that along [001] the structure tends to expand more than along [010] and [100] . In other words, the HP/HT-mechanisms based on tetrahedral tilting with effects along [001] lead to a structural configuration energetically more stable only upon heating, with an increase of the T-O-T angles and a consequent expansion of the c-axis. Under hydrostatic compression, the structure reacts with a lower compressibility along [001] than on (001), because the axial compression along [001] via tetrahedral tilting is energetically more costly.
The high thermo-elastic stability of CsAlSi 5 O 12, the immobility of Cs at HT/HP-conditions (Fisch et al. 2008 and this study), the preservation of crystallinity at least up to 8.5 GPa and 1000°C in elastic regime and the extremely low leaching rate of Cs from CsAlSi 5 O 12 (which is three orders of magnitude lower than the leaching rate of Cs from boro-silicate glass, Bubnova et al. 2007 ) make this open-framework silicate a possible candidate for use in the immobilization of radioactive isotopes of Cs.
